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The microcolony assay developed by Withers and Elkind has been a gold standard to assess the surviving frac- 
tion of small intestinal stem cells after exposure to high (>8 Gy) doses of ionizing radiation (IR), but is not ap- 
plicable in cases of exposure to lower doses. Here, we developed a novel in vitro assay that enables assessment 
of the surviving fraction of small intestinal stem cells after exposure to lower IR doses. The assay includes in 
vitro culture of small intestinal stem cells, which allows the stem cells to develop into epithelial organoids con- 
taining all four differentiated cell types of the small intestine. We used Lgr5-EGFP-IRES-CreERT2/ROSA26- 
tdTomato mice to identify Lgr5 + stem cells and their progeny. Enzymatically dissociated single crypt cells 
from the duodenum and jejunum of mice were irradiated with 7.25, 29, 101, 304, 1000, 2000 and 4000 mGy 
of X-rays immediately after plating, and the number of organoids was counted on Day 12. Organoid-forming 
efficiency of irradiated cells relative to that of unirradiated controls was defined as the surviving fraction of 
stem cells. We observed a significant decrease in the surviving fraction of stem cells at >1000 mGy. Moreover, 
fluorescence-activated cell sorting analyses and passage of the organoids revealed that proliferation of stem 
cells surviving IR is significantly potentiated. Together, the present study demonstrates that the in vitro assay 
is useful for quantitatively assessing the surviving fraction of small intestinal stem cells after exposure to lower 
doses of IR as compared with previous examinations using the microcolony assay. 
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INTRODUCTION 

Adult tissue stem cells can be defined by two essential features: 
first, the self-renewing capacity, which enables the maintenance 
of stem cell populations over long periods of time, and second, 
the capacity to produce differentiated cell types of tissues [1]. 
The small intestine is among the most rapidly self-renewing 
tissues in adult mammals [2], The small intestinal epithelium is 
composed of crypts and villi [2]. The crypts contain stem cells, 



transit-amplifying cells, and Paneth cells [2]. In the villi, there 
are differentiated, specialized cells, including absorptive entero- 
cytes, mucous-secreting goblet cells, and hormone-secreting 
enteroendocrine cells [2]. The cells are newly generated from 
stem cells in the crypts, migrate upward along the crypt-villus 
axis, and are eliminated by apoptosis at the tip of the villi, with 
a turnover time of 4-5 days in mice [2]. Paneth cells are excep- 
tional in that they settle at the crypt bottoms and represent the 
only differentiated cells that escape upward migration [2]. 



© The Author 2014. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for 
TherapeuticRadiology and Oncology. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ 
licenses/by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For com- 
mercial re-use, please contactjournals.permissions@oup.com 



382 



M. Yamauchi et al. 



Unique markers for small intestinal stem cells have not 
been identified until recently, though stem cell characteristics 
have long been extensively studied using ionizing radiation 
(IR) [3]. Potten et al. proposed that stem cells reside at pos- 
ition +4 (immediately above Paneth cells) relative to the 
crypt bottom, on the basis of the fact that long-term DNA 
label-retaining cells are enriched at around position +4 
during crypt regeneration after exposure to high doses of IR 
[4]. In contrast, Cheng and Leblond reported the presence of 
cycling cells between Paneth cells and proposed that cells 
called 'crypt base columnar cells' may harbor stem-cell ac- 
tivity [5]. In 2007, Barker et al. reported the first marker for 
small intestinal stem cells, leucine-rich-repeat-containing 
G-protein-coupled receptor 5 (Lgr5) [6]. They showed that 
Lgr5 is exclusively expressed in cycling crypt base columnar 
cells, and Lgr5 + crypt base columnar cells can generate all 
types of differentiated cells of the small intestinal epithelium 
over a 60-day period [6]. Subsequently, Bmil and mTert 
were identified as marker genes for proximal small intestinal 
stem cells present at position +4 [7, 8]. Lineage-tracing 
experiments revealed that similar to Lgr5 + stem cells, Bmil + 
or mTert + stem cells can produce all types of differentiated 
cells of the small intestinal epithelium, and moreover cells 
positive for Bmil or mTert can generate Lgr5 + stem cells 
[8, 9]. These lines of evidence indicate that small intestinal 
crypts contain multiple types of stem cells, and there is hier- 
archy or plasticity among them. 

Niches are well accepted as microenvironments that surround 
stem cells and support maintenance of stem cell properties [10]. 
Mesenchymal cells neighbouring crypts, e.g. subepithelial 
myofibroblasts, are well known to function as niche cells for 
small intestinal stem cells [11,12]. Recently, Sato et al. reported 
that Paneth cells constitute the niche for Lgr5 + stem cells [13]. 
Taken together, it is indicated that multiple types of cells work 
as niche cells to support small intestinal stem cells [14]. 

Following genotoxic or cytotoxic insults, e.g. IR, stem 
cells play a critical role in the regeneration of the injured epi- 
thelium [3]. The microcolony assay developed by Withers 
and Elkind has been commonly used to assess the surviving 
fraction of stem cells after IR [3, 15]. In the assay, regener- 
ated small crypts were directly counted by visual observation 
under a microscope 3-4 d after IR [3, 15]. However, the 
assay requires high (>8 Gy) doses of IR to detect a numerical 
change in the regenerated crypts, because a crypt contains 
multiple (4-6) stem cells and can be regenerated from a 
single stem cell that survives IR [3, 15, 16]. Therefore, a 
more sensitive assay is needed to assess the surviving frac- 
tion of stem cells after exposure to lower doses of IR. 

Recently, a long-term in vitro culture condition of Lgr5 + 
stem cells was established [17]. Under the culture condition, 
a single sorted Lgr5 + stem cell can generate a crypt-villus- 
like structure called an 'organoid'. The organoid reflects the 
small intestinal epithelium in vivo, because it contains all 
types of differentiated cells of the epithelium [17]. 



In the present study, we developed a novel survival assay 
of small intestinal stem cells after IR using in vitro culture. 
The assay enabled us to detect a significant decrease in the 
surviving fraction of stem cells at >1000 mGy, i.e. at much 
lower doses than those previously examined using the micro- 
colony assay. 

MATERIALS AND METHODS 

Mice 

Lgr5-EGFP-IRES-CreERT2 knock-in (B6.129P2- 

Lgr5 tmJ(cre/ERT2)Cle /J ^ JAX #008875) an( J RQSA26-td 

Tomato {B6.Cg-Gt(ROSA)26Sor tml4(CAG -' dToma,o)Hze l}, JAX 
mice #007914) mice were purchased from the Jackson 
Laboratory (Bar Harbor, ME, USA). The mice were bred in a 
conventional clean room facility of the Central Research 
Institute of Electric Power Industry (CRIEPI) at a controlled 
temperature (24 ± 2°C) and humidity (45 ±5%) and kept in a 
12-h light-dark cycle, with ad libitum access to y-sterilized 
food (CLEA, Tokyo, Japan) and filter-sterilized deionized 
water. All animal experiments were approved by the Animal 
Research and Ethics Committee of CRIEPI and performed 
following the guidelines for animal care in Japan. 

Fluorescent labeling of progeny of Lgr5 + stem cells 

In the Lgr5-EGFP-IRES-CreERT2 knock-in mice, Lgr5- 
EGFP-IRES-CreERT2 was knocked in the first exon of one 
of the two endogenous Lgr5 alleles [6]. The knock-in mice 
express enhanced green fluorescent protein (EGFP) and the 
Cre recombinase fused to a mutated ligand-binding domain 
of the human estrogen receptor (CreERT2). Another Cre 
reporter strain, ROSA26-tdTomato mice, harbors loxP- 
STOP-IoxP sequences immediately before the tdTomato 
gene, thereby blocking the expression of the tdTomato 
protein. Lgr5-EGFP-IRES-CreERT2 mice were crossed with 
ROSA26-tdTomato mice to produce Lgr5-EGFP-IRES- 
CreERT2/ROSA26-tdTomato mice (hereafter called LRT 
mice). Administration of 4-hydroxytamoxifen (4-OHT) to 
LRT mice allows nuclear localization of the Cre protein and 
subsequent Cre-loxP recombination to remove the STOP se- 
quence in Lgr5 + cells. Therefore, 4-OHT administration 
allows Lgr5 + stem cells and their progeny to be labeled with 
tdTomato, and the labeling persists even after 4-OHT is 
removed from the body. The 4-OHT was intraperitoneally 
administered to mice at 10-20 days of age (single administra- 
tion between 10-20 days of age). 

Isolation of single crypt cells 

LRT mice were killed at 3-5 weeks of age, and duodenum 
and jejunum (10 cm from the stomach) were harvested and 
rinsed three times by using a jet of cold 1 x phosphate- 
buffered saline (PBS~). Then, the intestinal tubes were 
opened longitudinally and the villi were scraped using a 
coverslip, followed by washing three times in cold lx PBS". 
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The intestinal tubes were then cut into 2-3 mm pieces and 
suspended in lx PBS" + 2% fetal bovine serum (FBS). The 
2-3-mm pieces were extensively washed (10-15 times) with 
lx PBS" + 2% FBS until the supernatant became clear. 
Then, the 2-3-mm pieces were treated with 50 mM EDTA/ 
lx PBS" for 30 min at 4°C on a rocking platform to dissoci- 
ate the crypts from the intestinal tubes. The dissociated 
crypts were passed through a 70-um cell strainer, washed 
once with lx PBS", and treated with TrypLE Express (Life 
Technologies, Carlsbad, CA, USA) for 30 min at 37°C to 
dissociate cell-to-cell attachment. Then, the dissociated cells 
were passed through a 40-um strainer and subsequently, 
through a 20-um strainer. The strained cells were pelleted, 
resuspended in lx PBS" + 2% FBS, and used as single crypt 
cells. 

Fluorescence-activated cell sorting analysis 

All fluorescence-activated cell-sorting (FACS) analyses were 
performed using FACS Aria III (BD, Franklin Lakes, NJ, 
USA). For the experiment shown in Fig. IB, dissociated 
single crypt cells from LRT mice were analyzed. For the ex- 
periment shown in Fig. 1C, single crypt cells were fixed with 
4% paraformaldehyde for 10 min at 4°C, followed by perme- 
abilization with IC permeabilization buffer (Life 
Technologies, Carlsbad, CA, USA) for 5 min at 4°C. Then, 
the cells were treated with a rabbit anti-lysozyme antibody 
(Dako, Glostrup, Denmark, EC 3.2.1.17, 1:400 dilution) for 



30 min at 4°C, followed by treatment with an Alexa Fluor 
405-conjugated anti-rabbit IgG (Life Technologies, 
Carlsbad, CA, USA, 1:1000 dilution) for 30 min at 4°C. For 
the experiment shown in Fig. ID, single crypt cells were 
stained with phycoerythrin-conjugated rat anti-mouse anti- 
body against cluster of differentiation 24 (CD24) 
(eBioscience, San Diego, CA, USA, clone Ml/69, 1:667 di- 
lution) and allophycocyanin-conjugated rat anti-mouse anti- 
body against epithelial cell adhesion molecule (EpCAM) 
(eBioscience, San Diego, CA, USA, clone G8.8, 1:333 dilu- 
tion) for 15 min at 4°C. All antibodies were diluted in 100 ul 
of lx PBS" + 2% FBS. For the experiment shown in Fig. 4, 
the organoids were collected and pelleted by centrifugation 
(300 x g, 2 min), followed by removal of the supernatant. 
Then, the organoids were resuspended with 500 ul dispase 
(BD, Franklin Lakes, NJ, USA) and dissociated for 2 h in a 
humidified CO2 incubator at 37°C. After confirming dissoci- 
ation with a microscope, the dissociated cells were washed 
once with lx PBS", followed by fixation with 4% parafor- 
maldehyde. After fixation, cells were washed once with lx 
PBS" and resuspended with lx PBS" + 2% FBS. Then, the 
percentage of EGFP high cells (Lgr5 high stem cells) and 
tdTomato + cells (progeny of Lgr5 + stem cells) was analyzed. 
We confirmed that fixation by 4% paraformaldehyde did not 
alter the percentages of EGFP hlgh - and tdTomato + cells com- 
pared with those of cells without fixation. The positive popu- 
lation was gated by comparing positive and negative samples 
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Fig. 1. Isolation of crypts and single crypt cells from the duodenum and jejunum of Lgr5-EGFP-IRES-CreERT2/ROSA26-tdTomato 
(LRT) mice. (A) Typical images of crypts and enzymatically dissociated single crypt cells. EGFP fluorescence in crypts or dissociated cells 
indicates expression of the Lgr5 gene. DIC is an abbreviation for differential interference contrast. Bars, 100 urn. (B) Lgr5 hlgh cells in 
dissociated single crypt cells analyzed by FACS. (C) Side-scatter hlgh /lysozyme + cells in dissociated single crypt cells analyzed by FACS. (D) 
CD24 + /EpCAM + cells in dissociated single crypt cells analyzed by FACS. 



384 



M. Yamauchi et al. 



so that there were no (or very few) positive cells in the nega- 
tive sample. Crypt cells harvested from wild-type mice were 
used as a negative sample to define Lgr5 + and tdTomato* 
populations. Crypt cells treated with isotype control anti- 
bodies for anti-CD24 and EpCAM antibodies were used as a 
negative sample to define CD24 + and EpCAM + populations. 
Crypt cells treated only with Alexa Fluor-conjugated second- 
ary antibody were used as a negative sample to define lyso- 
zyme + population. Side scatter hlgh cells were defined as cells 
with upper half of side scatter value, because there are no 
other definitions. 



In vitro culture of single crypt cells 

The isolated single crypt cells were cultured in organoid 
medium established by Sato et al. [17], i.e. advanced 
DMEM/F12 supplemented with 1 x GlutaMAX, 10 mM 
HEPES, 1 x penicillin/streptomycin, 1 x N2, 1 x B27 (all 
obtained from Life Technologies, Carlsbad, CA, USA), 
.^-acetylcysteine (Sigma-Aldrich, St Louis, MO, USA, 1 
mM), murine epidermal growth factor (Life Technologies, 
Carlsbad, CA, USA, 50 ng/ml), murine Noggin (Peprotech, 
Rocky Hill, NJ, USA, 100 ng/ml), and murine R-Spondin I 
(R&D Systems, Minneapolis, MN, USA, 1 ug/ml). The Rho 
kinase inhibitor Y-27632 (Sigma-Aldrich, St Louis, MO, 
USA, 10 uM) was added on the first 2 d to avoid anoikis. 
First, the above organoid medium (350 ul) was added into 
wells of 48-well plates, and then single crypt cells were 
plated to the wells (1 x 10 5 cells/10 ul 1 x PBS" + 2% FBS 
per well). Subsequently, 40 ul of Matrigel (BD, Franklin 
Lakes, NJ, USA) was added and mixed briefly so that the 
final concentration of Matrigel became 10%. Freshly 



prepared organoid medium was added first 3 d and every 2-3 d 
thereafter. Cells were cultured in a humidified CO2 incubator 
at 37°C. For the experiments shown in Fig. 3, three wells 
were used in the first experiment and two wells were used in 
the second experiment for each dose or control. At 12 d after 
plating, the number of organoids was counted by visual ob- 
servation under a phase-contrast microscope with a x 4 ob- 
jective. The budding structure as in Fig. 2 (Day 12) was 
regarded as an organoid and counted. 

Irradiation 

Immediately after plating, single crypt cells were irradiated 
with X-rays from an X-ray generator (Hitachi Medico, 
Tokyo, Japan, MBR-1505R2) with a 1-mm aluminium/ 
0.2-mm copper filter at a dose rate of 0.10 Gy/min (7.25-304 
mGy) or 0.47 Gy/min (1000-4000 mGy). 

Time-lapse analysis of cell growth and 
measurement of organoid area 

Time-lapse analysis of cell growth (shown in Fig. 2) was per- 
formed manually using a confocal laser microscope (CI si, 
Nikon, Tokyo, Japan). At Day 5 after plating, images of cells 
were captured and the coordinates of the cells were deter- 
mined. Then, images of organoids located on the same coor- 
dinates as on Day 5 were captured at Days 7, 9 and 12. The 
captured images were analyzed by ImageJ software 
(National Institutes of Health, Bethesda, MD, USA, http:// 
rsbweb.nih.gov/ij/). The organoid area was measured by en- 
circling the periphery of each organoid. We estimated that 36 
pixels in ImageJ are equivalent to 49 um 2 and calculated the 
area of the organoids accordingly. 
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Fig. 2. Organoid formation from single crypt cells. (A) Typical images of cells that developed into organoids. Lumen-like cystic 
structures started to form on Days 5-7, budding events started on Days 7-9, and robust budding was observed on Day 12. Bars, 100 (jm. 
(B) Organoid formation from single crypt cells isolated from 4-OHT-treated LRT mice. EGFP fluorescence represents Lgr5 + stem cells, 
and tdTomato fluorescence indicates the progeny of Lgr5 + stem cells. Note that EGFP + cells expand on Day 12, compared with on Days 
5-9. Bars, 100 um. 
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Fig. 3. Organoid formation and organoid size after IR. (A) The number of organoids formed from 1 x 10 5 single crypt cells. Data 
represent the mean±SEM of two independent experiments. Statistical analysis was performed by Dunnett's multiple comparison test. (B) 
Organoid-forming efficiency as a function of dose. Organoid-forming efficiency after exposure to the respective doses of IR relative to 
the unirradiated control is shown. The numbers of organoids shown in Fig. 3A were used to calculate the efficiency. Data represent the 
mean of two independent experiments. (C) Area of each organoid formed in the experiments shown in Fig. 3A. The organoid area was 
measured using Image J. A total of 50 organoids in two independent experiments were subjected to the analysis. Black bars represent the 
mean area of the organoids formed after exposure to the indicated doses of IR. Statistical analysis was performed using Dunnett's 
multiple comparison test. 



Passage of organoids 

The organoids formed after exposure to various doses of 
X-rays were mechanistically dissociated by passing the orga- 
noids 10 times through a 26G needle in the well. We micro- 
scopically confirmed dissociation of the organoids and 
absence of mature organoids. Then, freshly prepared medium 
and Matrigel (final concentration, 10%) were added for sec- 
ondary organoid formation. For the experiments shown in 
Fig. 5A, three wells were used in the first experiment and two 
wells were used in the second experiment for each dose or 
control. Seven days after plating, the number of organoids was 
counted by visual observation under a phase-contrast micro- 
scope with a 4x objective. The budding structure as shown in 
Fig. 2 (Day 12) was regarded as an organoid and counted. 

Statistical analysis 

Statistical comparison was made by a Dunnett's multiple 
comparison test, and a P-value < 0.05 was considered sig- 
nificant. Data are presented as mean ± standard error of the 
mean (SEM). 

RESULTS 

Isolation of single crypt cells containing Lgr5 + stem 
cells and Paneth cells 

Crypts harvested from duodenum and jejunum of LRT mice 
are shown in Fig. 1A. The crypts were dissociated from intes- 
tinal tubes by using a high concentration (50 mM) of EDTA. 



In our hands, this concentration did not affect the efficiency 
of organoid formation, while it greatly enhanced the yield 
of crypt cells compared with lower concentrations 
(Supplementary Figs. 1A and IB). The harvested crypts were 
enzymatically dissociated into single cells (Fig. 1A, right 
panels). In crypts and single crypt cells isolated from LRT 
mice, EGFP fluorescence indicates expression of the Lgr5 
gene, a stem cell marker [6]. We microscopically confirmed 
the presence of Lgr5 + stem cells in crypts and dissociated 
cells (Fig. 1A). Moreover, FACS analysis showed that the dis- 
sociated cells contain 3.11% Lgr5 hlgh cells (cells with high 
EGFP fluorescence), which are capable of initiating organoid 
formation (Fig. IB) [17]. Next, we checked whether our dis- 
sociated crypt cells contain Paneth cells, which were shown 
to function as niche cells for Lgr5 + stem cells [13]. In the 
small intestine, lysozyme is specifically expressed in Paneth 
cells [18]. Moreover, side scatter, which indicates the com- 
plexity of the cellular content, is reportedly high in Paneth 
cells, because the cells contain granules [13]. Therefore, we 
first examined whether single crypt cells contain side 
scatter hlgh /lysozyme + cells. FACS analysis showed that there 
were 4.47% side scatter hlgh /lysozyme + cells among the crypt 
cells (Fig. 1C). In addition, we assessed the presence of cells 
positive for both CD24 and EpCAM, which were reportedly 
shown to be Paneth cells [13]. FACS analysis indicated that 
4.36% of crypt cells were CD24 + /EpCAM + (Fig. ID). Taken 
together, we confirmed that our isolated single crypt cells 
contain multipotent Lgr5 h ' sh stem cells and their niche cells, 
i.e. Paneth cells. 
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Fig. 4. FACS analysis of cells in the organoids formed after exposure to various doses of X-rays. The organoids formed in the experiment 
shown in Fig. 3A were enzymatically dissociated into single cells, and the cells were subjected to FACS analysis. The x- and y-axes indicate 
the fluorescence intensity of EGFP and tdTomato, respectively. The values in parentheses represent the percentages of cells with high EGFP 
fluorescence (= Lgr5 hlgh stem cells). The whole population is gated in quadrants: the upper left, the upper right, the lower left, and the lower 
right populations represent Lgr5 low/_ /tdTomato + , Lgr5 hlgh /tdTomato + , Lgr5 low/ ~/tdTomato~, and Lgr5 hlgh /tdTomato~ cells, respectively. Note 
that the Lgr5 high /tdTomato + cells are self-renewed Lgr5 hlgh stem cells. Data for cells derived from wild-type organoids are also presented to 
show the validity of gating of the Lgr5 hlgh cells. The FACS analysis was performed only once. 



Growth of single crypt cells into organoids 

Next, we tested whether and how organoids are formed from 
single crypt cells in our experimental setting. Isolated crypt 
cells were immediately plated in organoid medium, whose 
composition had been established by Sato et al. [17]. Then, 
Matrigel was added at a final concentration of 10%. In the 
medium containing 10% Matrigel, cells moved around on 
the first 4 d after plating, but they became immobile on Day 
5 and thereafter, probably due to the increase in cell mass by 



cell growth. Therefore, we performed a time-lapse analysis 
of cell growth starting from Day 5 after plating. Typical 
images of the cell growth are shown in Fig. 2A. On Day 5, 
crypt cells formed a small cystic structure, which became 
larger thereafter. Budding events started at Days 7-9, and the 
organoids robustly budded at Day 12 (Fig. 2A). In LRT 
mice, progeny of Lgr5 + stem cells, including both self- 
renewed stem cells and differentiated cells, can be labeled 
with tdTomato by administration of 4-OHT [19]. Therefore, 
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Fig. 5. Effect of IR on the organoid-regenerating capacity of 
primary organoids. (A) The number of secondary organoids formed 
after exposure to the respective doses of IR. The primary organoids 
formed in the experiments shown in Fig. 3 were mechanistically 
dissociated and all dissociated organoids were passaged to allow 
secondary organoid formation. On Day 7 after passaging, the 
number of organoids was counted. Data represent the mean ± SEM 
of two independent experiments. (B) The number of secondary 
organoids produced from a single primary organoid. The number of 
secondary organoids was divided by the number of primary 
organoids. Data represent the mean ± SEM of two independent 
experiments. Statistical analysis was performed using Dunnett's 
multiple comparison test. 



we next monitored crypt cells isolated from 4-OHT- 
administered LRT mice (Fig. 2B). The time-lapse analysis 
revealed that the organoids were labeled with tdTomato. Of 
note, EGFP + cells appeared to expand with the growth of the 
organoid, indicating that Lgr5 + stem cells robustly undergo 
self-renewal during organoid formation (Fig. 2B, cf. Day 12 
and Days 5-9). The observations in Fig. 2 let us consider 
that the organoid culture may be applicable for the evaluation 
of survivability of small intestinal stem cells after IR. 

Organoid-forming efficiency and organoid size 
after IR 

We next examined organoid formation after exposure to 
various doses of X-irradiation. Immediately after plating 
(1 x 10 5 cells/well), single crypt cells were irradiated with 
7.25, 29, 101, 304, 1000, 2000 or 4000 mGy of X-rays, and 
the number of budding organoids was counted microscopic- 
ally on Day 12. Figure 3A shows the number of organoids 



formed after exposure to the indicated doses of X-rays. 
Compared with the unirradiated control, the number of orga- 
noids was unchanged at <304 mGy, but was significantly 
decreased at >1000 mGy. Figure 3B shows the organoid- 
forming efficiency as a function of dose. The organoid- 
forming efficiency was reduced to 45, 20 and 4% of that 
of the control at 1000, 2000 and 4000 mGy, respectively 
(Fig. 3B). The organoid-forming efficiency reflects the sur- 
viving fraction of stem cells among crypt cells because orga- 
noids are produced from stem cells [17]. Intriguingly, we 
noticed that the size of the organoids appeared to become 
larger in the irradiated population than in the unirradiated 
population. Therefore, we measured the area of each orga- 
noid using image-analyzing software to quantitatively esti- 
mate the size of organoids formed after exposure to 7.25- 
2000 mGy. We failed to measure the area of organoids 
formed after exposure to 4000 mGy because the number of 
analyzable organoids was too small. We found that the orga- 
noid size became significantly greater at >304 mGy com- 
pared with that of the control (Fig. 3C). The larger size of the 
organoids formed after IR indicates that the stem cells sur- 
viving IR proliferate more robustly than unirradiated stem 
cells. Thus, we next examined the percentage of stem cells in 
the organoids formed after IR. For this, we enzymatically 
dissociated the organoids into single cells and performed 
FACS analysis to determine the percentage of Lgr5 hlgh stem 
cells. Immediately before plating, 96.4% of Lgr5 + stem cells 
were labeled with tdTomato, indicating that there was a 
enough time interval between 4-OHT injection and cell har- 
vesting for stem cell labeling to be maximized (Fig. 4, 
contour plot of 'Immediately before plating'). However, both 
the whole Lgr5 + population and Lgr5 + /tdTomato + population 
decreased in the unirradiated control organoids, compared 
with the dissociated crypt cells immediately before plating. 
(Figure 4, control, cf. 'Immediately before plating'.) Instead, 
the Lgr5 + /tdTomato~ population was increased in the unirra- 
diated organoid, in comparison with the dissociated cells 
before plating (discussed later). By comparing irradiated and 
unirradiated organoids, we found that more Lgr5 hlgh cells 
were present in organoids formed after exposure to 304- 
4000 mGy than in unirradiated organoids, and that the per- 
centage of Lgr5 hlgh cells increased dose-dependently 
between 304-4000 mGy (Fig. 4). Moreover, the percentages 
of Lgr5 hlgh /tdTomato + cells also increased after exposure to 
304-2000 mGy, indicating that the self-renewal capacity of 
the Lgr5 hlgh stem cells was enhanced (304 mGy, 1.56%; 
1000 mGy, 2.00%; 2000 mGy, 2.30%; cf. control, 1.28%; 
Fig. 4). Although the number of Lgr5 high /tdTomato + cells 
did not markedly increase after exposure to 4000 mGy, we 
observed an increase in the Lgr5 hlgh /tdTomato~ population 
(3.60%; cf. control, 2.00%; Fig. 4). Moreover, the Lgr5 low/ 7 
tdTomato 4 " population also expanded, indicating that differ- 
entiation of Lgr5 hlgh stem cells was accelerated at 4000 mGy 
(35.9%; cf. control, 10.6%; Fig. 4). 
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Organoid-regenerating capacity of the primary 
organoids after IR 

The results presented in Figs. 3C and 4 imply that the stem 
cells surviving >304 mGy of IR became hyper-proliferative 
in the organoids. To substantiate the hyper-proliferative ac- 
tivity of the surviving stem cells in the irradiated organoids, 
we mechanistically dissociated the organoids used in the 
experiments shown in Fig. 3 (hereafter called primary orga- 
noids) by passing them through a 26G needle, then, passaged 
the dissociated organoids. Seven days after passaging, the 
number of regenerated organoids (hereafter called secondary 
organoids) was counted. The number of secondary organoids 
is shown in Fig. 5A. Unlike the case of primary organoids, 
we did not observe a significant decrease in the number of 
secondary organoids at >1000 mGy, indicating that more sec- 
ondary organoids were produced from primary organoids 
after exposure to >1000 mGy compared with the control. To 
quantify the capacity of a single primary organoid to produce 
secondary organoids, the number of secondary organoids 
(Fig. 5A) was divided by the number of primary organoids 
(Fig. 3A), and the numbers of secondary organoids derived 
from a single primary organoid are shown in Fig. 5B. The 
analysis revealed that the organoid-regenerating capacity of a 
single primary organoid was potentiated 5.5-fold after expos- 
ure to 2000 mGy and 6.6-fold after exposure to 4000 mGy, 
compared with the control (Fig. 5B). 

DISCUSSION 

Small intestinal crypts exhibit high regenerative capacity 
upon tissue damage [3]. The regenerative capacity of crypts 
after IR has been extensively studied using the microcolony 
assay developed by Withers and Elkind [15]. The microcol- 
ony assay provided extensive information about the charac- 
teristics of small intestinal stem cells, including the surviving 
fraction of stem cells after exposure to high (>8 Gy) doses of 
IR [3, 15]. However, in the assay, the IR dose must be large 
enough to ensure that the proportion of surviving stem cells 
is small, so that local areas of confluence of regenerated 
nodules are minimal enough to be countable [15]. Thus, a 
more sensitive assay is required to assess the surviving frac- 
tion of stem cells after exposure to lower IR doses. In the 
present study, we employed in vitro culture of stem cells to 
estimate the surviving fraction of stem cells after IR. On one 
hand, the in vitro assay enabled us to detect a reduction in 
the organoid-forming efficiency at >1000 mGy, showing that 
our assay system is more sensitive than the microcolony 
assay. However, on the other, we identified several points 
concerning our assay that need to be discussed. 

In the present study, we plated 1 x 10 5 single crypt cells 
per well in a 48-well plate and could count 50-100 organoids 
in the unirradiated population. From the FACS analysis 
results shown in Fig. IB (3.11% Lgr5 hlsh cells among crypt 



cells), it can be estimated that ~ 3000 Lgr5 1S stem cells 
were present among the 1 x 10 5 crypt cells. Therefore, only 
1.7-3.3% of the Lgr5 hlgh stem cells could initiate organoid 
formation in our experiments, assuming that the organoids 
originate solely from Lgr5 hlgh stem cells. The low efficiency 
of organoid formation may be due to cell damage caused by 
enzymatic dissociation or culture stress, both of which are 
unavoidable in the assay. The comparison between disso- 
ciated cells immediately before plating and cells in unirra- 
diated control organoids revealed that, while the whole 
Lgr5 + population and the Lgr5 + /tdTomato + population were 
decreased, the Lgr5 + /tdTomato~ population was increased in 
the control organoids compared with the dissociated crypt 
cells immediately before plating. We consider that a substan- 
tial fraction of Lgr5 + stem cells die during cell culture, prob- 
ably due to culture stress, and that the increase in the Lgr5 + / 
tdTomato" population indicates de novo production of Lgr5 + 
stem cells by some mechanism, such as conversion of other 
stem cells to Lgr5 + stem cells. Despite the low organoid- 
forming efficiency and the decrease in Lgr5 + stem cells 
during cell culture, we could reproducibly observe a signifi- 
cant difference in the organoid number between irradiated 
(1000-4000 mGy) and unirradiated populations, indicating 
that a dose-dependent reduction in the surviving fraction of 
stem cells could be detected by our assay. 

Importantly, we noticed the survival curve presented here 
does not have an obvious shoulder component. Lack of 
shoulder means that the extrapolation number is nearly 1 . It 
indicates that (i) a single organoid is derived from a single 
stem cell, and (ii) the stem cells tend to choose cell death 
rather than DNA repair. Strictly, single-cell sorting is 
required to demonstrate that a single organoid is derived 
from a single stem cell, however, it has already been shown 
that a single-sorted Lgr5 + small intestinal stem cell has the 
ability to generate an organoid [17]. Thus, we consider that 
most of the organoids we counted were derived from single 
stem cells. As for (ii), we recently showed that Lgr5 + small 
intestinal stem cells undergo apoptosis within 24 h after ex- 
posure to 1 Gy of X-rays [19]. We observed caspase cleavage 
at 6 h after 1 Gy, at a time when DNA repair should not have 
been completed. Therefore, we consider that Lgr5 + stem 
cells have a tendency to choose cell death rather than DNA 
repair to protect genome integrity after exposure to IR. It is 
well known that the classical survival curve of small intes- 
tinal stem cells after irradiation has a large shoulder compo- 
nent [3, 15]. However, the survival curves were depicted 
using the microcolony assay, in which crypts regenerated 
after high doses of radiation were directly counted by visual 
observation under a microscope [15]. It is estimated that a 
crypt has 4-6 stem cells, and can be regenerated if a single 
stem cell survives radiation damage [3, 15, 16]. Therefore, 
the large shoulder of the classical survival curve of small in- 
testinal stem cells is attributable to the above characteristics 
of crypts and the microcolony assay. 
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We noticed several advantages of the in vitro assay. First, 
as described above, the efficiency of primary organoid for- 
mation after IR reflects the surviving fraction of stem cells. 
Second, organoid size may represent the proliferative activity 
of stem cells in each organoid. Third, passage of the orga- 
noids allows a quantitative estimation of the proliferative ac- 
tivity of stem cells in primary organoids. By passaging the 
primary organoids, we were able to quantitatively show that 
the organoid-regenerating capacity of a single primary orga- 
noid was increased more than 5 -fold after exposure to >2000 
mGy. From the results, we conclude that small intestinal 
stem cells surviving >2000 mGy of IR acquire hyper- 
proliferative activity. We consider that the hyper-proliferative 
activity of surviving stem cells is of biological significance 
for the regeneration of an epithelium damaged by IR. 

Recently, van Es et al. reported that secretory progenitor 
cells positive for the expression of Delta-like 1 can revert to 
Lgr5 + stem cells and regenerate the epithelium upon expos- 
ure to 6 Gy of y-rays [20]. On the basis of this report, it can 
be considered that the expansion of Lgr5 high cells at >304 
mGy in our study may be, in part, attributable to the rever- 
sion of Delta-like 1 + progenitor cells to stem cells. Moreover, 
Bmil + or mTert + stem cells can produce Lgr5 + stem cells [8, 
9]. Therefore, multiple types of stem or progenitor cells may 
contribute to the enhanced secondary organoid formation 
after exposure to >2000 mGy by de novo production of 
Lgr5 + stem cells, in addition to hyper-proliferation of Lgr5 + 
stem cells themselves. In the FACS analysis, we observed a 
dose-dependent increase in the percentage of Lgr5 + stem 
cells upon exposure to >304 mGy; however, at 4000 mGy, 
the increase in the stem cell population is mainly attributable 
to the increase in Lgr5 + /tdTomato~ stem cells (3.6%, cf. 
2.0% in the control population), not to the increase in Lgr5 + / 
tdTomato + stem cells (1.48%, cf. 1.28% in the control popu- 
lation). In our experimental setting, the increase in Lgr5 + / 
tdTomato" stem cells indicates de novo generation of Lgr5 + 
stem cells, because the culture medium did not contain 
4-OHT, which is necessary for Cre-LoxP recombination to 
allow tdTomato expression. We recently showed that the de 
novo production of Lgr5 + stem cells is accelerated in the 
colon, but not in the duodenum, after exposure of mice to 1 
Gy of X-rays [19]. The present study indicates the possibility 
that de novo production of Lgr5 + stem cells is also facilitated 
in the duodenum after exposure to higher doses, e.g. 4 Gy. 

Reportedly, a single sorted Lgr5 + stem cell can generate 
an organoid without niche cells under the same culture 
conditions as those used in the present study [17]. 
However, in our assay, niche cells, e.g. Paneth cells, should 
contribute to organoid formation, because all crypt cells 
were plated. In addition, our isolated cells contained 
non-epithelial cells, which are indicated as EpCAM- 
negative cells in Fig. ID. Therefore, non-epithelial cells, 
e.g. subepithelial myofibroblasts may also support in vitro 
organoid formation. 



The in vitro culture of intestinal stem cells can be used for 
many other applications, e.g. examination of the effect of 
other genotoxic or cytotoxic agents on stem cell survival and 
proliferation. Sato et al. reported optimal culture conditions 
of organoids from human small intestine, colon, and colon 
cancer [21]. The in vitro organoid culture using human colon 
cancer cells may greatly contribute to the development of 
cancer therapies, e.g. screening of chemical compounds with 
anti-tumor activities. 

SUPPLEMENTARY DATA 

Supplementary data is available at the Journal of Radiation 
Research online. 
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